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Abstract Deoxynivalenol (DON) is the major mycotoxin
produced by Fusarium fungi in grains. Food and feed
contaminated with DON pose a health risk to humans and
livestock. The risk can be reduced by enzymatic detoxifica-
tion. Complete mineralization of DON by microbial cultures
has rarely been observed and the activities turned out to be
unstable. The detoxification of DON by reactions targeting
its epoxide group or hydroxyl on carbon 3 is more feasible.
Microbial strains that de-epoxidize DON under anaerobic
conditions have been isolated from animal digestive system.
Feed additives claimed to de-epoxidize trichothecenes
enzymatically are on the market but their efficacy has been
disputed. A new detoxification pathway leading to 3-oxo-
DON and 3-epi-DON was discovered in taxonomically
unrelated soil bacteria from three continents; the enzymes
involved remain to be identified. Arabidopsis, tobacco,
wheat, barley, and rice were engineered to acetylate DON
on carbon 3. In wheat expressing DON acetylation activity,
the increase in resistance against Fusarium head blight was
only moderate. The Tri101 gene from Fusarium sporotri-
chioides was used; Fusarium graminearum enzyme which
possesses higher activity towards DON would presumably
be a better choice. Glycosylation of trichothecenes occurs in
plants, contributing to the resistance of wheat to F.
graminearum infection. Marker-assisted selection based on
the trichothecene-3-O-glucosyltransferase gene can be used
in breeding for resistance. Fungal acetyltransferases and
plant glucosyltransferases targeting carbon 3 of trichothe-
cenes remain promising candidates for engineering resistance
against Fusarium head blight. Bacterial enzymes catalyzing
oxidation, epimerization, and less likely de-epoxidation of
DON may extend this list in future.
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Introduction
Mycotoxins are fungal metabolites toxic to animals. When
mycotoxin-producing fungi infect crop plants or colonize
stored agricultural commodities, contamination with myco-
toxins creates a health risk for humans and livestock.
Trichothecenes, which are often found in grains, are
sesquiterpenoid mycotoxins with a 12,13-epoxy-tricho-
thec-9-ene skeleton produced fungal genera Fusarium,
Myrothecium, Stachybotrys, Trichoderma, and Trichothe-
cium. From an economic perspective, the most important
trichothecene producers are those Fusarium species that
cause Fusarium Head Blight (FHB) in small-grain cereals
and Gibberella Ear Rot (GER) in maize (Bottalico and
Perrone 2002). Trichothecenes dominant in grains are
deoxynivalenol (DON), nivalenol, and their acetylated
derivatives (Foroud and Eudes 2009).
Trichothecenes exert multiple toxic effects on eukaryotic
cells, including inhibition of protein synthesis, cytotoxicity,
and apoptosis (Rocha et al. 2005; Rotter et al. 1996).
Comparison of the effect of trichothecenes on different cell
lines confirmed that DON possessed a relatively low
toxicity; however, the hazard posed on human health may
be underestimated in common tests based on lymphoid cells
(Nielsen et al. 2009). The ingestion of DON with
contaminated feed and food leads to reduced immunity,
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and to food refusal, vomiting, growth retardation, and
reproductive disorders in animals (Rocha et al. 2005;
Sobrova et al. 2010; Pestka 2010). Human and animal
exposure to trichothecenes in years with weather conditions
conducive to FHB and GER may exceed tolerable limits.
The permissible quantity of DON in harvested grain, food
products, and feedstuff is limited by regulations in most
countries.Fungicides targetingFusarium spp. in cereal plants
have been available since the 1990s and breeding has
gradually improved the resistance of commercial varieties.
In spite of these efforts, contamination of grain with DON
continues to pose a threat to grain production. The chemical
detoxification of DON in solution and on/in contaminated
grains by ozone (Y oung et al. 2006), ammonia, chlorine,
hydrogen peroxide, sodium bisulfite (Y oung et al. 1986),
sodium carbonate (Abramson et al. 2005), and chlorine
dioxide (Wilson et al. 2005) has been demonstrated, but its
application on a large scale has been hampered by costs,
safety concerns, and the negative impact on grain quality.
The most promising technique for chemical detoxification of
DON is reaction with sodium metabisulfite (Y oung et al.
1987). The process possesses potential for large-scale on-
farm decontamination (Dänicke et al. 2010), but is prohibited
for food-grade grains in Europe.
Enzymatic detoxification of mycotoxins in situ has been
discussed since the 1970s as a strategy for the elimination of
mycotoxins from grain, feed, and food. The research was also
fuelled by military interest in trichothecenes allegedly used in
chemical warfare (Wannemacher and Wiener 1997; Tucker
2001). Although the toxicity of trichothecenes is relatively
low, they can be easily manufactured by the fermentation of
cheap substrates. Culture supernatants amended with a
detergent and dimethyl sulfoxide for improved adherence
and skin penetration are chemical weapons ready for
delivery. Extensive research on the biological decontamina-
tion of trichothecenes was carried out in military facilities
and by extramural military-funded research in the 1980s and
1990s (Meister 1987). Military-funded research has not
yielded useful agents for biological detoxification (e.g.,
Beeton and Bull 1989), but it contributed to our understand-
ing of detoxification processes (e.g., Visconti and Mirocha
1985; Chatterjee et al. 1986; Swanson et al. 1987a, b).
Several reviews on the biological detoxification of
mycotoxins have been published (Karlovsky 1999; Bata
and Lasztity 1999; Styriak and Conkova 2002; Jouany
2007; Halász et al. 2009; Awad et al. 2010), but because of
their wide scope, the space devoted to trichothecenes was
small. Two reviews focusing on trichothecenes are available
(Zhou et al. 2008; He et al. 2010), but they provide a
limited coverage of epimerization, de-epoxidation, and
glycosylation, as well as of the application of acetylation
in plant biotechnology.
Scope of the review
The targets for the detoxification of DON are shown in
Fig. 1. Major recent breakthroughs were:
(a) Isolation of pure bacterial cultures that de-epoxidize
DON
(b) Genetic dissection of the glycosylation of DON in
plants and elucidation of its role in the resistance of
wheat to FHB
(c) Engineering of plants for the acetylation of DON
These developments will be covered in depth. The recent
discoveryoftheepimerizationofDONonC3willbedescribed.
The reports of complete mineralization of DON will be
summarized, and the records of transformation processes by
unknown mechanisms will be listed. The use of enzymatic
detoxification of DON in plant biotechnology including
intellectual property issues will be covered. The controversy
about the activity of commercially available feed additives
claimed to enzymatically detoxify DON will be discussed.
Except for acetylation of the hydroxyl group on C3,
acylation and deacylation will not be covered. Glucuroni-
dation of DON in mammals and observations of a gradual
loss of DON in plants in the field, in stored grains, and in
the silage will not be treated. The review will also not cover
strategies different from enzymatic modification of the
toxin molecule such as modification of the binding site on
the ribosome and active export.
Destruction of the epoxide group of DON
Function and stability of the epoxide group
A characteristic feature of trichothecenes is an epoxide on
C12/C13 (Fig. 1). Since the 1970s, researchers have
understood that the epoxide is the primary toxicity
determinant of DON (Sato and Ueno, 1977; Eriksen et al.
2004). That the epoxide group is necessary for the
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Fig. 1 Structure of deoxynivalenol (DON) with the designation of the
ring system A-C and targets for detoxification
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of action of trichothecenes, was reported in a seminal work
by Yoshio Ueno (Ueno et al. 1973) and elucidated in a
series of unsurpassed biochemical studies in the 1970s
(Cundliffe et al. 1974; Wei et al. 1974; Cundliffe and
Davies 1977). Structural data concerning the complex of
DON with the ribosome are not available, but the structural
diversity of toxic trichothecenes indicates that the toxin
binds to the ribosome regardless of the variations in
trichothecene structure as long as the skeleton and the
epoxide group are preserved. Differences in the ability of
natural trichothecenes to cross phospholipid membranes,
differences in glucuronidation, as well as different efficien-
cies of active extrusion of these toxins from the cytoplasm
by membrane transporters are likely to contribute to the
differences in the toxicity of natural trichothecenes. The
modes of action other than inhibition of protein synthesis,
such as disruption of cellular membranes by trichothecenes
with hydrophobic substituents (Kim et al. 1991), are
believed to play only a secondary role in trichothecene
toxicity.
The tetrahydropyran and cyclopentane rings of tricho-
thecenes share carbon atoms 2, 12, and 5 (Fig. 1), which
force the conformation of the molecule into a rigid fold.
Although the spiro attachment of the epoxide group in the
oxabicyclo[3.2.1]octane system appears to facilitate nucle-
ophilic attacks leading to hydrolysis, the epoxide group of
trichothecenes is stable under neutral and slightly acidic
conditions and survives boiling, baking, and even steaming
at 135 °C (Pronyk et al. 2006) and extrusion at 150 °C
(Bullerman and Bianchini 2007). Trichothecenes carrying
intact epoxide group can therefore be found in bread and
pastries, pasta, beer, breakfast cereals, and other products.
Two mechanisms leading to destruction of the epoxide
group of trichothecenes have been reported: reductive de-
epoxidation leading to olefin and hydrolytic de-epoxidation
generating two vicinal hydroxyls. The possibility of
nucleophilic attack of the epoxide group by thiols in plants
was suggested (Subramanian 2002) but not supported by
data.
Reductive de-epoxidation
De-epoxidation by mixed cultures
Bacteria in the digestive system of animals are able to
reduce the epoxide group of trichothecenes, generating
9,12-diene derivatives. The structure of the product of the
de-epoxidation of DON was elucidated nearly three decades
ago (Yoshizawa et al. 1983; King et al. 1984). Since then,
the de-epoxidation of trichothecenes by mixed populations
of ruminal and intestinal bacteria has been extensively
documented (Yoshizawa et al. 1985, Swanson et al. 1987a;
Lake et al. 1987; Worrell et al. 1989, He et al. 1993;
Kollarczik et al. 1994). Negative results reported by some
authors (He et al. 1992; Swanson et al. 1987a, b; Munger et
al. 1987) may be accounted for by the intestinal or ruminal
microbes having not been previously exposed to trichothe-
cenes and therefore having lacked the necessary adaptation.
In support of this explanation, Hedman and Pettersson
(1997) reported that neither DON nor nivalenol was
detoxified in pig feces unless the pigs were fed with a diet
containing trichothecenes. The experiments confirming this
observation for chickens are described in a recent patent
application by Zhou et al. (2010).
The isolation of pure cultures that can detoxify DON
from ruminal and intestinal content has proven difficult
because these bacteria are strictly anaerobic and have
fastidious nutritional demands. Fourteen years after the
discovery of trichothecene de-epoxidation, anaerobic bac-
teria, able to hydrolyze ester bonds of trichothecenes but
incapable of de-epoxidation, were isolated from the
digestive system of animals (e.g., Visconti and Mirocha
1985; Westlake et al. 1987; Matsushima et al. 1996).
De-epoxidation by pure cultures
The first pure culture that could de-epoxidize DON and
other trichothecenes was isolated by Binder et al. (1997).
The culture originated from the rumen of a cow. The strain,
which was designated Eubacterium sp. BBSH 797, de-
epoxidized both type A and type B trichothecenes in vitro
under anaerobic conditions (Fuchs et al. 2002a, b). In 1998,
the researchers who isolated the strain applied for patent
protection, which was awarded (e.g., Binder and Binder
2004). De-epoxidation activity of Eubacterium sp. BBSH
797 was also demonstrated in dissected pig intestine
(Schatzmayr et al. 2006).
It took 10 years since the discovery of the strain BBSH
797 to isolate other bacteria that could de-epoxidize
trichothecenes. The two strains of unknown taxonomic
affiliation, isolated from chicken intestines and designated
LS100 and S33, were able to de-epoxidize DON anaerobi-
cally (Young et al. 2007). In a follow-up publication, ten
bacterial strains belonging to four taxonomically distinct
groups that de-epoxidized DON were described, all of them
purified from the same source (Y u et al. 2010). Two of the
strains (LS-100 and SS-3) appear to be identical to
previously described strains (Y oung et al. 2007). The
isolation of pure cultures with de-epoxidation activity from
the intestinal content was facilitated by a treatment with
antibiotic cocktails that reduced the diversity of the
microbial population. Bacteria that survived the treatment
were serially diluted and their activity toward DON was
determined. The diversity of bacterial populations during
the selection was monitored by denaturing gradient gel
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pure strains of DON-de-epoxidizing bacteria belonging to
Clostridiales, Anaerofilum sp., Collinsella sp., and Bacillus
spp. (Y u et al. 2010). In their application for a patent (Zhou
et al. 2010), the authors documented that the Bacillus
isolate was able to detoxify DON in moldy maize used to
feed pigs and that the treatment significantly improved the
feed intake, weight gain, and feed efficiency of the animals.
Specificity and biological function of de-epoxidation
Ivie (1976) described de-epoxidation activity of ruminal
microflora toward insect juvenile hormone mimics and the
insecticide dieldrin before the de-epoxidation of trichothe-
cenes was discovered. He concluded that the activity was
nonspecific and speculated that it may serve a nutritional
function in the reduction of epoxides in plant fatty acids
and cutin. If Ivie was correct, de-epoxidation activities
should be widespread among herbivores. Most herbivores
in farm fields are insects. The selection of de-epoxidation
activities towards fatty acid epoxides of plant origin is
therefore likely to take place in herbivorous insects.
Furthermore, strong selection pressure for the development
of protection mechanisms against trichothecenes is acting
on invertebrates that feed on fungi (Rohlfs and Churchill
2011). Insects and other invertebrates are therefore prom-
ising candidates for trichothecene detoxification. Transfor-
mation activities of insects and insect symbionts toward
trichothecenes have been studied (Dowd 1992; Dowd and
van Middlesworth 1989), but de-epoxidation has not been
observed, indicating that insects may use other mechanisms
to protect themselves against trichothecenes.
While enzymatic hydrolysis of the epoxide group of
trichothecenes is rare or impossible (see below), reductive
de-epoxidation brought about by ruminal and intestinal
microflora is common. Because the de-epoxidation
enzymes possess little substrate specificity (Ivie 1976) and
because their activity is expressed by distantly related
bacterial genera (Y u et al. 2010; Fuchs et al. 2002a), it is
conceivable that enzymatically catalyzed reductive de-
epoxication takes place in anaerobic environments other
than the digestive system of mammals. Such environments
my serve as a source of new strains suitable for the de-
epoxidation of DON.
Can de-epoxidation occur under aerobic conditions?
Most life on Earth depends on oxygen. The de-epoxidation
activities toward trichothecenes described so far occur
under strictly anaerobic conditions, limiting their practical
application. Until recently, aerobic de-epoxidation of
trichothecenes had not been observed. Chatterjee et al.
(1986) reported the production of de-epoxidized diacetox-
yscirpenol by aerobic Fusarium culture, which was (prob-
ably incorrectly) characterized as Fusarium graminearum.
We hypothesize that the de-epoxy-trichothecene resulted
from a defect in biosynthesis, preventing the epoxidation of
trichothecene intermediate trichodiene, rather than from
de-epoxidation.
A recent finding indicates that some of the anaerobic
bacterial strains de-epoxifying DON may be facultative
aerobes. The partial 16S rRNA sequence of one of the
bacterial isolates from chicken digesta that detoxify DON
under anaerobic conditions shared 99% similarity to the
16S sequence of Bacillus arbutinivorans (Y u et al. 2010).
Anaerobic Bacillus species are common opportunistic
pathogens of mucosa but most species related to B.
arbutinivorans are aerobic, plant growth-promoting soil
microbes. It is tempting to speculate that the strain
discovered by Y u et al. (2010) may turn out to be a
facultative anaerobe, which would likely improve its
survival in feed additives.
The possibility of de-epoxidation of DON under aerobic
conditions may also be inferred from the study reported by
Guan et al. (2009), who investigated the transformation of
DON by fish digesta. The availability of oxygen was not
specified in the publication, but the description of media,
culture conditions, and screening for DON transformation
contains no indication that the incubations were performed
under anaerobic conditions. From one of 62 fish investi-
gated, the authors isolated a mixed microbial culture,
designated C133, that de-epoxidized DON over a surpris-
ingly wide range of pH (from 4.5 to 10.4). If the incubation
was performed under aerobic conditions and if a pure active
culture can be isolated from this source, the aerobic de-
epoxidation of trichothecenes would be a fundamental
breakthrough for the development of biotechnological
applications. Another advantage of the culture C133
relative to previously described cultures is that it has de-
epoxidation activity at low temperatures (as low as 4 °C).
Hydrolytic de-epoxidation
Epoxides are susceptible to hydrolysis and other trans-
formations initiated by nucleophilic attack on one of their
carbon atoms. The epoxide group of DON, however, is
resistant to hydrolysis. An Austrian patent (Erber 1996)
claimed that a strain of the yeast Saccharomyces telluris
was able to hydrolyze the epoxide group of trichothecenes,
but to our knowledge no data supporting the claim are
available. We incubated a number of strains of Arxiozyma
telluris (syn. of S. telluris) with DON but detected no
transformation (unpublished results). Theisen and Berger
(2005) tested 30 strains of bacteria, yeast, and fungi known
to produce epoxide hydrolases but could not detect any de-
epoxidation of DON. Nakamura et al. (1977) found that
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liver. We also incubated a series of commercially available
epoxide hydrolases with DON under conditions recom-
mended by the manufacturers but did not detect any
transformation activity (unpublished results).
He et al. (2010) remarked that epoxides can be trans-
formed enzymatically by the epoxide hydrolase and that the
biochemical details of the pathways leading from tricho-
thecenes to their de-epoxide forms are uncertain. The
negative results of the screening projects attempted so far
indicate that such a pathway may not exist in nature.
Conjugation of epoxide group to glutathione
Foster et al. (1975) pointed out that the thiol group of
glutathione may act as a nucleophile, attacking the epoxide
group of trichothecenes. The reaction is an important
detoxification mechanism for the epoxides of aflatoxins
(Hayes et al. 1991). The first attempt to detoxify trichothe-
cenes by conjugation with glutathione, without enzymatic
catalysis as well as with rat liver glutathione transferase,
was performed in the laboratory of Y oshio Ueno (Nakamura
et al. 1977). The attempt failed. Optimization of the activity
of plant glutathione-S-transferases towards trichothecenes
by DNA shuffling was envisioned in a patent awarded to
Maxygen (Subramanian 2002). Analysis of barley genes
induced by DON treatment and observation that cystein
increased the resistance of yeast to DON indicate that
glutathione-S-transferase might be involved in DON detox-
ification in plants (Gardiner et al. 2010). The authors
demonstrated the formation of at least three conjugates of
DON with glutathione in vitro. The structures of the
conjugates have not been established conclusively but the
conjugation did not appear to involve the epoxide group
(Gardiner et al. 2010).
Modification of the hydroxyl on C3
Role of the hydroxyl on C3 in toxicity
In addition to the epoxide group of trichothecenes, the
hydroxyloncarbon3playsamajorroleintoxicity.Temporary
acetylation of this hydroxyl during biosynthesis of trichothe-
cenes protects the fungus from toxic effects of the intermedi-
ates (Kimura et al. 1998a, b). The use of the enzyme
responsible for the acetylation of DON in genetically
engineered crops (reviewed by Alexander 2008, see the
“Industrial applications of the biological detoxification of
deoxynivalenol” or the “Genetically modified crops” section
below) can therefore be regarded as an example of pathogen-
derived resistance, which has been mainly applied to
resistance to plant viruses (Johnson and Sanford 1998).
Acetylation
Gene Tri101 encoding trichothecene-3-O-acetyltransferase
from F . graminearum was characterized in the RIKEN
laboratory in Japan (Kimura et al. 1998a, b). At the same
time, a homologous gene from Fusarium sporotrichioides
was cloned at the USDA ARS in Peoria (USA) (McCormick
et al. 1999).
The three-dimensional structures and kinetic properties
of trichothecene-3-O-acetyltransferases from F . graminea-
rum and F . sporotrichioides have been studied in detail
(Garvey et al. 2008). Khatibi et al. (2011) expressed,
purified, and compared the properties of trichothecene-3-O-
acetyltransferases from seven Fusarium species with the
goal of identifying an optimal source of the enzyme for
biotechnological applications.
The esterification of C3-OH of DON decreased the
toxicity in rabbit reticulocytes by two orders of magnitude
(Kimura et al. 1998a) and in rabbit kidney cells by a factor
of 20 (Rotter et al. 1993). Acetylation of C3-OH is
therefore regarded as detoxification, though the acetyl
group may be liberated by hydrolysis in the digestive
system of animals. The effect of acetylation on DON on
phytotoxicity is less pronounced. Wang and Miller (1988)
reported that DON and 3-acetyl-DON had similar effects on
wheat tissue. The growth of wheat coleoptiles was also
inhibited by both compounds to a similar extent (Bruins et
al. 1993). In Arabidopsis thaliana, esterification of C3-OH
diminished the toxicity in some cases but increased or left
the toxicity unchanged in other cases (Desjardins et al.
2007). Considering these findings, an expectation that the
resistance to FHB in cereal crops expressing trichothecene-
3-O-acetylase will increase dramatically might be overly
optimistic (see the “Genetically modified crops” section
below).
Glycosylation
The conjugation of DON with glucose was suggested in
1986 for a wheat suspension culture (Miller and Arnison
1986) and later proven for a maize suspension culture
(Sewald et al. 1992). The latter authors determined the
structure of the conjugation product to be 3-β-D-glucopyr-
anosyl-4-deoxynivalenol. It took a decade to demonstrate
the production of the conjugate in intact plants (A. thaliana;
Poppenberger et al. 2003); the authors applied for patent
protection (Glossl et al. 2005; Poppenberger et al. 2006).
Co-localization of the ability to convert DON to DON-3-
glucoside and resistance to FHB in wheat proved that the
glycosylation of DON is a major resistance factor against
FHB in wheat (Lemmens et al. 2005). Although DON-3-
glucoside represents up to 46% of the total amount of DON
in infected wheat and maize varieties (Berthiller et al.
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difficult because of the high number of UDP-
glycosyltransferase genes in the genomes of cereal plants.
The wheat gene TaUGT3 was suggested as a candidate
(Lulin et al. 2010) but it did not protect yeast from DON,
while the HvUGT13248 gene from barley did (Schweiger
et al. 2010). Furthermore, DON was converted to DON-3-
glucoside by yeast cultures expressing HvUGT13248.
Overexpression of a suitable UDP-glycosyltransferase in
transgenic wheat or maize appears to be a promising strategy
for increasing the resistance against FHB and GER. Alterna-
tively, markers coupled to wheat genes encoding suitable
UDP-glucosyltransferases genes may be used for marker-
assisted selection in breeding for resistance.
Oxidation and epimerization
Active cultures from three continents
The oxidation of DON to 3-keto-DON was reported for
three bacterial cultures: a Gram-negative bacterium isolated
in Japan and belonging to the Agrobacterium-Rhizobium
group (Shima et al. 1997); a mixed culture D107 isolated in
Germany (V olkl et al. 2004); and a bacterial strain isolated
in Canada of unknown taxonomic affiliation and dubbed
Barpee (unpublished results by He and Zhou, quoted in
Zhou et al. 2008). The epimerization of C3-OH of DON
was also reported for three cultures: a Gram-positive
bacterium Nocardioides sp. WSN05-2 isolated in Japan
(Ikunaga et al. 2011); an α-Proteobacterium isolated from a
mixed culture D107, related to Devosia riboflavina, and
designated HOH107 (V olkl and Karlovsky, unpublished);
and the bacterium Barpee from Canada (see above). The
time course of the concentrations of DON, 3-oxo-DON, and
3-epi-DON during the transformation of DON by strain
HOH107 revealed the sequence of conversions shown in
Fig. 2. The same sequence may account for the activity of
all of these cultures, provided the ratio of the rates of
oxidation and reduction is high for the bacterium Nocar-
dioides sp. WSN05-2 so that the intermediate does not
accumulate. A summary of the published data concerning
these transformations and assuming that 3-oxo-DON is
always an intermediate is shown in Table 1.
Why does epimerization of DON appear to be irreversible?
The oxidation of alcohols and the reduction of ketones are
reversible reactions. An intriguing question arises: why do
concentrations of DON and 3-epi-DON not reach equilib-
rium in cultures that can oxidize DON to 3-oxo-DON as
well reduce 3-oxo-DON to 3-epi-DON? The difference
between the free energy of the two compounds due to steric
constraints and possibly a hydrogen bond formed between
the hydroxyl of 3-epi-DON and the epoxide group (Nagy et
al. 2005) is an unlikely explanation of why essentially all
DON is converted to 3-epi-DON. We speculate that the
completeness of the conversion results from the coupling of
the transformation to another pathway that drives it away
from equilibrium. For example, DON may be oxidized to 3-
oxo-DON in a reversible reaction catalyzed by an alcohol
dehydrogenase that is specific for the R configuration of the
hydroxyl on C3. The product may serve as electron
acceptor for a membrane-bound component of the respira-
tion chain that reduces the ketone to hydroxyl in the S
configuration. Coupling the reduction of 3-oxo-DON with
electron transmission along the respiration chain renders the
process irreversible, driving the conversion of DON to 3-
epi-DON away from equilibrium.
How common is DON epimerization in nature?
Another intriguing question is whether epimerization of
DON is common or rare in nature. Conversion of DON to
3-epi-DON requires two enzymatic activities of partially
overlapping substrate specificity, occurring at the same time
and space (Fig. 2). This may be a general reason why
isomerizations are rarely observed in screening for biolog-
ical degradation. Regarding trichothecenes, the only isom-
erization reported apart from the conversion of DON to 3-
epi-DON is the epimerization of a secondary alcohol group
on the macrocyclic ring of type D trichothecenes in
Baccharis sp. (Jarvis et al. 1981). On the other hand,
bacterial cultures that can epimerize DON have been found
on three continents (Table 1). The chromatographic prop-
erties of DON and 3-epi-DON are similar so that the
epimerization may have been overlooked in screening
programs relying on high-throughput, low-resolution thin-
layer chromatography. Elucidation of the reaction mecha-
nisms and identification of the genes encoding enzymes
involved in the process will help answer the question asked
in the subheading by enabling researchers to search for
homologous genes in the genomes of soil bacteria as well
as in the growing number of available soil metagenomes.
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Fig. 2 Oxidation and epimerization of DON. Only rings B and C are
shown in order to point out the orientation of the hydroxyl group on
carbon 3
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Mineralization by mixed cultures
The large amounts of DON are produced in plant debris
remaining on the soil surface after harvest yet no
accumulation of DON in soil or surface water has been
observed, indicating that the trichothecene is being biode-
graded. Screening of bacterial populations from soil and
surface water for DON mineralization, however, regularly
failed to detect biodegradation. Negative results of such
projects were only published in cases when successful
detoxification of another mycotoxin was achieved (Beeton
and Bull 1989; unpublished results of He and Zhou cited in
Zhou et al. 2008). Personal communications with col-
leagues in academia and industry indicate that the number
of screening projects to identify microbial cultures detox-
ifying DON is much higher than is known from literature;
most of these attempts failed and were not published.
The simplest explanation of why it has been difficult to
demonstrate mineralization of DON by soil microflora is
the inability of the active organisms to grow in laboratory
media. Even if the organisms are culturable, the media used
for screening may be unsuitable. Guan et al. (2009)
reported that medium FM, which was previously used in
the successful screening of soil microbes for DON
transformation (V olkl et al. 2004), was the most suitable
among seven media tested for DON transformation by
culture C133 from fish digesta. No transformation was
observed in minimal medium and in the common bacterial
medium LB. Only low conversion was achieved in media
with a single nitrogen source such as tryptone, peptone,
yeast extract, (NH4)2HPO4,o rN H 4NO3. Therefore, the
screening for DON mineralization should use different
media in parallel.
Mineralization of DON by pure cultures
Several bacterial strains capable of complete removal of
DON from the medium by mineralization have been
described; unfortunately, most of these activities turned
out to be unstable. The first pure culture reported to
mineralize trichothecenes was Curtobacterium sp. strain
114–2, which was isolated from soil in the laboratory of
Yoshio Ueno from soil (Ueno et al. 1983). The complete
mineralization of trichothecenes was not rigorously proven
but the growth of the strain with nivalenol as a sole carbon
source and the fact that the epoxide group was lost after
transformation strongly indicated that the trichothecene
skeleton was destroyed. The strain lost its activity (Y .
Ueno, personal communication).
The symbiotic yeast Pseudotaphrina kochii, which was
isolated from an insect, was reported to utilize DON as the
only source of carbon (Dowd and Shen 1991; Shen and
Dowd 1991), but we were unable to detect any activity of
the strain toward DON (V olkl and Karlovsky, unpublished
results).
The soil bacterium E3-39, which was assigned to the
Agrobacterium-Rhizobium group, completely removed
DON from the medium after converting it to the
intermediate 3-oxo-deoxynivalenol (Shima et al. 1997).
Surprisingly, the DON-oxidizing activity was present in
culture supernatant but not in sonicated cells, indicating
that an extracellular enzyme was responsible. No follow-
up publication or patent on the strain appeared since
14 years; we therefore assume that the activity has been
lost.
Strain WSN05-2 (Ikunaga et al. 2011) completely
removed DON from the medium, producing 3-epi-DON
as an intermediate (see part of the “Oxidation and
epimerization” section). This strain is currently the only
available organism that is able to completely catabolize
DON (Table 2).
Some reports of mineralization can likely be accounted
for by adsorption
The utilization of DON as a carbon source by Rhizopus
oryzae and Aspergillus oryzae was suggested in a recent
report (Garda-Buffon and Badiale-Furlong 2010), but the
data presented in the publication may be explained by
adsorption of DON onto the mycelium of the fungus.
Similarly, the reduction of DON concentration by up to
37% after incubation with yeast cultures (Styriak et al.
Table 1 Oxidation and epimerization of DON by bacterial cultures
Culture DON to 3-oxo-DON 3-oxo-DON to 3-epi-DON Taxonomy Reference
E3-39 +++ − Agrobacterium-Rhizobium group Shima et al. 1997
D107 +++ + mixed culture V olkl et al. 2004
Barpee +++ +++ ? Zhou et al. 2008
WSN05-2 + +++ Nocardioides sp. Ikunaga et al. 2011
HOH107 +++ +++ Alphaproteo bacterium V olkl and Karlovsky, unpublished
Appl Microbiol Biotechnol (2011) 91:491–504 4972001) and the loss of DON in fodder inoculated with
several yeast genera reported by Paskevicius et al. (2006)
may have been caused by adsorption. In our screening for
DON transformation, we often observed loss of DON from
the culture medium, but subsequent treatment of pelleted
cells with proteinase K, detergents, and chaotropic agents
led to the release of DON, i.e., DON was not degraded but
was adsorbed or taken up by the cells (V olkl and Karlovsky,
unpublished).
DON transformation by unknown mechanisms
Several published reports described microbial transforma-
tions of DON without revealing chemical structures of the
products. Although it is not known whether these processes
lead to detoxification, the reports identify interesting
candidates for further studies.
Filamentous fungi have often been reported to transform
DON and other trichothecenes into products with different
chromatographic behaviors and/or different toxicities. The
conversion of DON by Aspergillus tubingensis was
reported by He et al. (2009). The molecular weight of the
product was 18.1 kDa larger than that of DON, and the
product was fluorescent and eluted from a reverse-phase
column earlier than DON. Alternaria alternata transformed
DON into a single more polar product that retained the
epoxide group (Theisen and Berger 2005). Jesenska and
Sajbidorova (1991) described transformations of T-2 toxin
by several filamentous fungi leading to products with
reduced toxicity.
Roots of sweet potato transformed DON into unknown
products (Fujita and Yoshizawa 1989 and Fujita and
Yoshizawa 1990). According to what we learned from
Arabidopsis and wheat (see the “Modification of the
hydroxyl on C3” section, subtitle “Glycosylation”), these
products were likely glucoconjugates. The same mecha-
nism likely explains the detoxification of DON by FHB-
resistant wheat described by Y ao et al. (1996).
Cheng et al. (2010) described removal of DON as
determined by ELISA after incubation with Bacillus
licheniformis and Bacillus subtilis strains under anaerobic
conditions. Interestingly, DON transformation activity was
associated with culture supernatants rather than with
pelleted cells and was thermolabile, indicating that the loss
of DON cannot be accounted for by adsorption. The
character of the transformation remains unknown. To
demonstrate the suitability of these strains for practical
applications, the authors incubated ground wheat and maize
grains with the strains and determined that B. subtilis
removed 80% of DON.
Flesch and V ogt-Scheuermann (1994)r e p o r t e dt h a t
incubation of trichothecin with Saccharomyces cerevisiae
lead to the destruction of its epoxide group and rearrange-
ment of the skeleton. Trichothecin is a type B trichothecene
similar to DON and is produced by Trichothecium roseum
and, according to a single report, by a particular strain of F .
graminearum (Combrinck et al. 1988). Because several
laboratories studied the effect of trichothecenes on S.
cerevisiae without observing any transformation of the
toxin, and because no follow-up report from the Flesch/
V ogt-Scheuermann laboratory appeared, S. cerevisiae does
not seem to be a promising detoxification agent for
trichothecenes.
Industrial applications of the biological detoxification
of deoxynivalenol
Microorganisms that can detoxify DON can be used as feed
additives, and the genes encoding detoxification activities
can be used in the genetic engineering of crops. Both
strategies are being pursued by industry.
Feed additives
A proof of concept for the decontamination of grain
containing trichothecenes was provided long before pure
cultures of bacteria that de-epoxidize trichothecenes be-
came available. He et al. (1993) reported that more than
50% of the DON in moldy maize was degraded when the
maize was incubated with chicken intestine contents under
anaerobic conditions. The ratio of chicken digesta to maize
grain was large (1:1), but the result motivated further
research.
A feed additive containing microorganisms that is
claimed to detoxify DON by enzymatic de-epoxidation is
on the market since two decades but its efficacy has often
been questioned. Results of animal trials both supporting
and disputing the claims of the manufacturer have been
Strain Activity Reference
Curtobacterium sp. 114-2 Lost Ueno et al. 1983
Pseudotaphrina kochii Lost Dowd and Shen 1991, Shen and Dowd 1991
Agrobacterium-Rhizobium E3-39 Probably lost Shima et al. 1997
Nocardioides sp. WSN05-2 Active Ikunaga et al. 2011
Table 2 Mineralization of DON
by microbial cultures
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producing the additive reported positive effects (Plank et al.
2009), another group found that the additive decreased
livestock performance in a manner independent of myco-
toxin concentration in the feeds (Dänicke et al. 2003). As
pointed out by Döll and Dänicke (2004), most published
studies investigating feed additives that are claimed to
biologically detoxify mycotoxins suffer from inappropriate
experimental design and from the failure to monitor
relevant parameters. So far, most in vivo studies that used
an appropriate experimental design and that monitored
relevant specific parameters did not find measurable
detoxifying effects of commercial feed additives (Dänicke
et al. 2004). To determine whether the ability of the product
to biologically degrade trichothecenes can be proven in
vitro, Döll et al. (2004) incubated the additive with DON in
a model system simulating the conditions of the porcine
gastrointestinal tract. They did not detect any transforma-
tion of DON.
Since 1998, a new DON-detoxifying strain Eubacte-
rium BBSH 797 has been incorporated into the product in
some countries (Biomin 2011;s e et h e“Reductive de-
epoxidation” or the “De-epoxidation by pure cultures”
section). The strain is able to de-epoxidize DON in pure
culture (Fuchs et al. 2002a, b)a sw e l la si nd i s s e c t e dp i g
intestine under anaerobic conditions (Schatzmayr et al.
2006). Ingested with feed, the strain should unfold its
activity in the digestive system of animals. Because it is a
strict anaerobe, formulation securing the survival of the
strain during storage and transportation of the product is a
prerequisite for the success of the strategy.
New trichothecene-detoxifying strains (Young et al.
2007, Guan et al. 2009, Y u et al. 2010) and particularly
strains active under aerobic conditions (if they ever become
available) may improve the efficacy of feed additives
intended to protect livestock against trichothecenes by
enzymatic de-epoxidation. Such products should be evalu-
ated by independent institutions according to a complete
two by two factorial design as recommended by Döll and
Dänicke (2004).
Genetically modified crops
Equipping crops with DON detoxification activities may
reduce the mycotoxin concentration in grain and also
increase plant resistance against infection. The idea stems
from the fact that trichothecenes act as virulence factors,
facilitating colonization of some plant hosts by certain
trichothecene-producing Fusarium species. The role of
DON in infection was proven when host plants were
experimentally inoculated with fungal strains in which
trichothecene synthesis was inactivated failed to infect
(Proctor et al. 1995; Maier et al. 2006). The role of DON in
infection was also supported by research demonstrating that
a major QTL responsible for the resistance of wheat to FHB
co-segregated with the ability to detoxify DON by
glycosylation (Lemmens et al. 2005).
With the availability of genes encoding suitable
enzymes, it has become possible to commercialize trans-
genic crops detoxifying trichothecenes. The RIKEN group
who isolated the first Tri101 gene encoding trichothecene-
3-acetylase applied for a patent only in Japan (Yamaguchi et
al. 2000), which allowed Syngenta to pursue worldwide
patent protection (Hohn et al. 2000). In the USA, Syngenta
readily obtained a patent with 390 claims covering the use
of any trichothecene-3-O-acetylase with a homology to
Tri101 protein (Hohn et al. 2002). In Europe, Syngenta
limited the claims to Tri101 from F . sporotrichioides. The
arguments between the company and the European Patent
Office (EPO) lasted for 6 years. In 2007, the EPO was
ready to grant a patent but Syngenta abandoned the
application. Maxygen Inc. received legal protection for the
improvement of the activity of acetyl-O-transferase for
trichothecenes by DNA shuffling (Subramanian 2002).
Before the patent battle in Europe was finished,
Syngenta carried out field trials with wheat expressing
Tri101 in Canada, USA, Argentina, and three European
countries. Because of a pending patent application, the
company did not reveal the nature of the genetic modifi-
cation to the public. However, technical details regarding
plasmid constructs used for wheat transformation in the
Table 3 Expression of trichothecene-O-acetylase in plants
Plant Source of the gene Results Reference
Tobacco F . sporotrichioides Increased tolerance to trichothecenes Muhitch et al. 2000
Wheat F . sporotrichioides Moderate tolerance to infection Okubara et al. 2002
Arabidopsis F . sporotrichioides Resistance to the trichothecene diacetoxyscirpenol Hohn et al. 2002
Rice F . graminearum Low expression, no tolerance to trichothecenes, infection not tested Higa et al. 2003
Wheat F . sporotrichioides Field trial destroyed by opponents of GMO technology Anonymous 2004
Barley F . sporotrichioides No effect on infection in field trial Manoharan et al. 2006
Rice F . graminearum Increased tolerance to DON, tolerance to infection not tested Ohsato et al. 2007
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release of transgenic wheat in Germany indicate that the
wheat expressed the trichothecene-3-O-acetylase gene from
F . sporotrichioides under the control of maize ubiquitin
promoter and nopaline synthase terminator. Unfortunately,
the field trials were vandalized, preventing the evaluation of
the effect of the modification on the tolerance of plants to
infection with trichothecene-producing Fusarium species.
Independently from Syngenta, scientists at the USDA/
ARS (USA) constructed transgenic wheat using the same
Tri101 gene from F . sporotrichioides but a different
selection marker (Okubara et al. 2002; Alexander 2008).
They reported only a moderate increase in resistance to F .
graminearum infection. Tri101 was also expressed in
Arabidopsis, rice and barley (Table 3). In Arabidopsis and
rice, only the effect of pure toxin has been tested; infection
with trichothecene-producing Fusarium species has not
been investigated. In barley, no effect of DON-detoxifying
activity on resistance to fungal infection in field trials was
observed (Manoharan et al. 2006). The outcome was in line
with the data of Jansen et al. (2005) and Maier et al. (2006)
who reported that DON is not a virulence factor in barley.
A likely reason for the limited success of the wheat trial
described in the previous paragraph was that the gene from
F . sporotrichioides was not well suited to the purpose.
Enzymatic characterization of purified trichothecene-3-O-
acetylases from F . graminearum and F . sporotrichioides
revealed that the former enzyme is more promising.
Affinity for DON is 130 times greater with the F.
graminearum enzyme than with the F . sporotrichioides
enzyme, and catalytic activity is 70 times greater with the F .
graminearum enzyme than with the F . sporotrichioides
enzyme (Garvey et al. 2008). Enzymes from other
Fusarium species (Khatibi et al. 2011)o re n z y m e s
optimized by DNA shuffling (Subramanian 2002) are other
alternatives to the F . sporotrichioides enzyme. Testing
Tri101 from F . graminearum in wheat is still worth trying
but Syngenta no longer seems to be pursuing this strategy;
the company abandoned its European application for a
pertinent patent.
Outlook
Mechanisms involved in the anaerobic de-epoxidation of
DON and in the oxidation and epimerization of the
hydroxyl on C3 are being studied in several laboratories.
Technical barriers, however, may prevent the use of these
activities in transgenic plants. De-epoxidation is likely to
require strictly anaerobic conditions, and oxidation/epime-
rization may be catalyzed by membrane-bound systems that
are difficult to express and assemble in plants. The use of
intact microorganisms in feed additives appears more
feasible. Proofs of concept for de-epoxidation as well as
epimerization of DON in grain by bacterial cultures have
been provided. The exploitation of these microbes in feed
additives appears to be limited only by the development of
suitable formulations.
Acetylation and glycosylation of C3-OH, which are well
understood and achievable in transgenic plants, are prom-
ising activities for plant biotechnology. Acetyltransferase
from F . sporotrichioides, which was probably selected in the
past because of intellectual property issues rather than for
scientific reasons, is likely to be replaced by more active
enzymes. Molecular markers associated with genes encod-
ing plant glucosyltransferases that detoxify DON will help
breeders develop new wheat varieties resistant against
FHB. In the future, the efficiency of detoxification may
be improved by overexpressing the enzyme in transgenic
plants, ideally under the control of a promoter induced by
infection. Optimization of DON acetylases and glycosy-
lases by DNA shuffling or by structure-aided design may
improve their kinetic properties for the next generation of
transgenic crops.
Mineralization is the most enigmatic of the detoxifica-
tion processes studied so far. Although the catabolism of
DON is likely to be widespread in arable soils, the isolation
of active pure cultures has proven to be extremely difficult.
When such attempts have succeeded, the cultures have
tended to lose their activity in the laboratory. In spite of
these difficulties, the high potential of DON catabolism for
biotechnology is likely to encourage laboratories to conduct
new screening and enrichment programs for DON degra-
dation in the future.
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